Except for herpes virus, a number of enveloped viruses have previously been reported to be sensitive to white right in the absence of photoreactive dyes. We have shown that herpes virus, like measles, Sindbis and vesicular stomatitis viruses, can also be rendered photosensitive if the virions are removed from the protective effects of organic compounds contained in the virus harvest. Under the very same conditions, non-enveloped viruses (vaccinia, polio and adenoviruses) are completely photoresistant. The photosensitivity of enveloped viruses can be enhanced by the presence of salts or increased pH values. Enveloped viruses are photosensitive even when replicated in cells grown and maintained in the absence of serum and riboflavin. Human herpes virus strains obtained from herpetic lesions and never passaged in cultures were also readily inactivated by white light. Experiments with monochromatic right showed the 425 nm. wavelength to be most effective in inactivating the virus. The virus envelope behaves like a functional membrane, since neutral red, which is taken up only by living cells, markedly increases the photosensitivity of enveloped viruses, but has no effect on naked viruses.
INTRODUCTION
Since the discovery that certain ripid-containing viruses were enveloped with hostcell membranes (Morgan et al. 1954; Reissig & Melnick, I955) , controversy has existed as to whether the envelope is essential for viral infectivity. Although a number of workers have separated the naked from the enveloped particles, the methods used have not conclusively proven that the naked particles are totally lacking in infectivity (Ben-Porat & Kaplan, 1965; Pirie, 1957; Smith, I964; Watson & Wildy, I963; Watson, Wildy & Russell, 1964; Wildy & Watson, 1962 : Darlington & Moss, 1969 .
Recent photodynamic studies have led us to the view that the virus envelope may well be a functional membrane. Only enveloped viruses are highly sensitive to trace amounts of exogenously added neutral red (Tomita & Prince, 1963; Wallis & Melnick, I964) , a dye that is taken up only by living cells. Since cultured cells are also sensitive to white light in the absence of vital dyes (Wheeler & Hollinshead, I963) , sensitizing compounds derived from serum present in the growth medium may enter the cells, or cells may synthesize photosensitizing material. In any case, viruses that are enveloped by photosensitive components of the cell would be expected to be sensitive to white right. Except for herpes virus, enveloped viruses (measles, influenza, parainfluenza, canine distemper and vesicular stomatitis) have previously been shown to be naturally photosensitive (Cutchins & Dayhuff, i962; Lozovskaia, I959; Nemo & Cutchins, I966; Skinner & Bradish, 1954; Wallis & Melnick, I964) . The resistance of herpes virus (Wallis & Melnick, 1964) may have been due to substances in the culture fluids, since proteins have been shown to interfere with photoinactivation of viruses (Cutchins & Dayhuff, 1962; Nemo & Cutchins, 1966; Skinner & Bradish, 1954) .
This study is concerned with the natural photosensitivity of enveloped viruses and the role in this phenomenon of host-cell material from which the envelope is derived.
METHODS

Monkey kidney cells.
Kidneys from immature green (verve0 monkeys were trypsinized and grown in Melnick's Medium A containing 2 % calf serum. Maintenance medium of cells for growth of virus stocks consisted of protein-free Medium B (0"5 % lactalbumin hydrolysate in Earle's salt solution).
Viruses. Herpes virus (JES strain) was used as a model agent. Enveloped viruses included measles (EDMONSTON), Sindbis (AR334) and vesicular stomatitis (INDIANA) . Non-enveloped viruses studied were vaccinia (WR strain), adenovirus (sv 15) and poliovirus (MAHONEY). Stock viruses were prepared in monkey kidney cells maintained as described above and stored at -9 °0 until used.
Virus assays. Viruses were quantified by plaque counts. Overlay medium consisted of Eade's salt solution, o'4 % NaHCO3, I : 6o,ooo filtered neutral red, amino acids as used in Eagle's MEM and 1"5 % Bacto-agar (Difco). To enhance plaque formation of herpes virus and adenovirus, 4oo/zg./ml. protamine sulphate was incorporated in overlays.
Exposure of viruses to light. Virus samples were dispensed into 13 x IOO mm. tubes, and exposed 2 in. from two daylight-type fluorescent lighting tubes (General Electric, Cool White, 15 w each). Tubes were placed in a rack backed with aluminium foil for increased reflexion. Exposure was begun at 25 ° (room temperature); after I hr of exposure at the distance used, the temperature in the tubes had increased to 320 . Virus controls were placed in amber tubes to keep them dark, and were positioned in the rack at locations similar to those of samples being exposed to light.
Tris buffered saline was used as a virus diluent unless otherwise indicated in the text. The buffer consisted of o'o5 i-tris dissolved in Hanks's salt solution at pH 7"5.
RESULTS
Effects of dilution on photosensitivity
In the previous work in which herpes virus was found to be photoresistant (Wallis & Melnick, I964) , the virus was exposed to light in the presence of culture extracts containing substances that may render the virus refractory to light. In this study, herpes virus harvests were first diluted to reduce the concentration of potential inhibitory components in the virus harvest before being exposed to light (Table I) .
The herpes virus harvest containing IO % serum was not significantly inactivated unless the virus harvests had been diluted at least lOOO-fold. At this concentration the virus was dramatically photoinactivated. In the absence of serum, the virus harvest was significantly inactivated even after a tenfold dilution, and completely inactivated after a Ioo-fold dilution. Substances in the virus harvest (either from the serum or from the cells) deafly interfered with the photoinactivation of herpes virus. Such substances may preferentially absorb light, thus sparing the virus, or the anti-oxidants contained in serum may prevent photo-oxidation. However, both harvests transmitted light equally well at a dilution of I/IOO, yet the virus in the harvest with serum was not inactivated, whereas virus in the harvest free of serum was completely sensitive to light. In view of these results, all subsequent experiments were performed with virus harvests made in serum-free Medium B. 
Effects of time on photoinactivation
We next determined the shortest time required to inactivate herpes virus contained in tris buffered saline, at a dilution far beyond that which interfered with photoinactivation (Table 2 ). With herpes virus diluted iooo-fold in tris buffered saline and exposed to light, less than lO% of the virus survived after 20 min. illumination. The virus was completely inactivated after 80 min. illumination.
Effects of inorganic ions and hydrogen-ion concentrations on photoinactivation
Cutchins and his associates (Cutchins & Dayhuff, t962; Nemo & Cutchins, I966) reported that measles and distemper viruses were more sensitive to light in diluents containing riboflavin than in distilled water, and they, therefore, attributed the greater light sensitivity of these viruses to the photosensitizing effects of this photoreactive vitamin. We found that herpes and measles viruses were resistant to the virucidal effects of white light if the viruses were resuspended in distilled water, but the viruses were more sensitive to light if suspended in salt solution. Experiments were conducted to determine the effects of inorganic ions and pH on photoinactivation (Table 3) . Herpes virus exposed to light in distilled water at pH 6"7 was photoresistant, whereas the virus suspended in o'I5 M-saline at a similar pH value was more sensitive to light. However, if the pH of distilled water was increased to 8.2 with small amounts of NaHCO3, the virus was very sensitive to light. Further indication that increases in pH value increase the photosensitivity of herpes virus is seen in the results with phosphate buffers. At pH 6, herpes virus was photoresistant, but as the pH increased to 8-0 the virus became sensitive to light. It is well known that oxidation is enhanced at elevated pH values in the presence of inorganic ions. Therefore, the inactivation of herpes virus by light and that occurring at increased temperatures (Wallis & Melnick, I965) are apparently similar, both being affected by conditions that accelerate oxidative action. 
Direct and indirect effects of culture medium on photoinactivation
Earlier workers showed that serum prevented the photoinactivation of certain naturally photosensitive viruses (Cutchins & Dayhuff, I962; Nemo & Cutchins, I966; Skinner & Bradish, I954), and they speculated that components contained in serum were absorbing light and thus sparing the virus. Experiments were designed to determine the mechanism by which certain substances either prevent or enhance virus photoinactivation. Various diluents were used at concentrations yielding 87 to Ioo % light transmission. In addition, herpes virus suspended in tris buffered saline was exposed to light that first passed through a 'filter' consisting of a plastic dish containing a 4 mm. layer of the substances known to protect virus, to determine if they absorbed out the virucidal wavelengths (Table 4) -Herpes virus suspended in protein diluents (serum and normal tissue culture fluids) was spared from the effects of light, but virus suspended in non-protein diluents, except for distilled water and saline, was photoinactivated. Virus was photoinactivated when suspended in tris buffered saline and exposed to light that had been filtered through the diluents previously shown to protect the virus from light by their presence in the virus suspension. Eagle's MEM, which contains riboflavin, enhanced the photoinactivation of herpes virus more than Medium B, which also contains riboflavin at about the same concentration. Apparently, Medium B also contains ingredients which protect against light. However, when Eagle's MEM was used as a light filter it did not prevent virus inactivation. Thus, the substances preventing virus inactivation only do so if present in the virus suspension. The above experiment represents one of four performed, all with virtually the same results, including one experiment in which measles virus was used as the test virus. * Herpes virus was diluted 100-fold in distilled water and ]o times further in the diluents indicated, and representative samples were exposed to light for 15 min. and assayed as described previously. Cutchins & Dayhuff (1962) reported that measles virus, when purified by repeated ultracentrifugation, was equaUy photosensitive after the first and fourth washings. This led them to assume that the photoreactive substance was incorporated intracellularly as part of the virus structure. However, the virus after release from the cell might be photosensitized by the riboflavin present in the extracellular fluids. The fact that riboflavin enhances the photoinactivation of measles virus, distemper virus (Cutchins & Dayhuff, 1962; Nemo & Cutchins, 1966) and, as shown here, herpes virus does not preclude the possibility that other substances may also account for viral photosensitivity. It is known that measles virus grown in cells maintained without riboflavin is also photosensitive (Wallis & Melnick, 1964) . However, since the cells were initially grown with medium containing riboflavin the cultures might have retained a reserve of the vitamin, and, during viral replication, the riboflavin might be incorporated into the virion. The serum used in the cellular growth medium might be an additional source of photoreactive substances such as bilirubin and carotenoids.
Photosensitivity of intraeellular and extracellular herpes virus
To determine whether herpes virus was being photosensitized during intracellular replication, or after its release into medium containing riboflavin, the following experiment was done. Herpes virus was inoculated into cultures at an input of I p.f.u. per IOOO cells, and the cultures were maintained with Medium B. When massive cytopathic effects developed, the fluid phase was decanted and centrifuged. The serially diluted supernatant fluids were exposed to light. Intracellular virus was obtained by releasing it into tris buffered saline by freezing and thawing, and then clarifying the suspension by centrifugation. Both intracellular and extracellular virus preparations were equally sensitive to light, indicating that the virus was already photosensitive before release from the host cell.
Primary monkey kidney cells were grown without serum (C. Wallis, B. A. Vet and J. L. Melnick, in preparation) to eliminate any photosensitizing substances from this source. Some lots were also grown in the absence of serum and riboflavin, by replacing medium B with Eagle's medium from which the riboflavin was omitted. The following experiment was performed to determine if herpes virus was naturally photosensitive or was photosensitized by serum components or by riboflavin present within the infected cell. Monkey kidney cells were grown in the following media, the first three being serum-free (C. Waliis, B. A. Ver and J. L. Meinick, in preparation): (a) Medium B, (b) complete Eagle's medium, (c) Eagle's medium without riboflavin and (d) Eagle's medium without riboflavin, but containing 2 ~ foetal calf serum. When complete monolayers had formed, the cultures were inoculated with I p.f.u, of herpes virus per IO,OOO cells, and were then maintained with the same medium that had been used for cell growth. When cytopathic effects were evident, the cultures were frozen and thawed, and the clarified supernatant fluids were diluted and exposed to light. Cells initially grown and then maintained in samples (a) and (c) without riboflavin or other serum photoreactive substances yielded virus progeny as photosensitive to light as virus in samples (b) and (d) from cultures grown with serum and riboflavin.
Increased sensitivity of herpes virus to neutral red
Among the heterotricyclic dyes, toluidine blue and the acroflavins readily photosensitize most viruses, in contrast to the limited action of neutral red which has been able to sensitize only an arbovirus and parainfluenza virus (Wallis & Melnick, I964, I965) . Since the two latter viruses are enveloped, we examined the herpes virus envelope for its capacity to take up neutral red in the fashion that a cell membrane takes up this vital dye. Non-enveloped viruses were included as controls (Table 5) . Each virus was exposed to trace amounts of neutral red 0/400,00o), and then serum was added to the virus + dye mixture to protect the virus from inherent photosensitivity. Herpes virus illuminated while suspended in tris buffered saline was rapidlyinactivated, but was spared if serum were present. However, herpes virus treated with neutral red and then exposed to light in the presence of serum was completely inactivated. In contrast, the non-enveloped poliovirus, vaccinia virus and adenovirus were not photosensitized under any of the experimental conditions. Experiments were made with enveloped measles, Sindbis and vesicular stomatitis viruses, and all behaved similarly to herpes virus.
When herpes virus was suspended in riboflavin at the concentration present in Eagle's medium, the virus was more rapidly photoinactivated than it was in Eagle's medium from which riboflavin had been omitted. Thus, riboflavin enhanced the photoinactivation of herpes virus, but these data did not allow us to conclude that riboflavin is responsible for the natural photosensitivity of the virus. 12,800 12,000 * Viruses were diluted in tris buffered saline to contain ioo,ooo p.f.u./ml, based on prior titration of the stocks. The viruses were diluted tenfold further (a) in tris buffered saline and (b) in tris buffered saline 00ntaining I:400,ooo neutral red. Samples were held in the dark for I hr at 25 ° to allow the viruses to become photosensitized. The virus in tris buffer was then divided into two parts; to one part a final concentration of io ~o serum was added, and to the second, tris buffer to compensate for the change in volume. The viruses in tris buffer containing neutral red were also treated with serum to protect the viruses that may be naturally photosensitive. Representative samples were then exposed to light for 3o rain. ii,ioo 525 I3,800 575 I4, ooo * Herpes virus was diluted io00-fold in tris buffered saline, and replicate samples were exposed to monochromatic light for 3 min. Assays were then made for surviving virus.
t Bausch and Lomb Monochromator no. 33-86-02 (I35O grooves/mm).
The effect of monochromatic light
Herpes virus diluted in tris buffered saline was exposed to various wavelengths of monochromatic light for 3 rain. to determine the wavelength responsible for the virucidal activity of white light. As shown in Table 6 , only the 425 nm. band caused the virus to be inactivated. These results are similar to those reported for measles virus (Cutchins & Dayhuff, I962).
The photosensitivity of human herpes virus
The natural photosensitivity of viruses derived from cultured cells is not necessarily limited to laboratory-passaged virus. Viruses obtained directly from man may also be photosensitive. Experiments were conducted to determine the effects of white light on clinical samples obtained from patients with acute herpetic lesions. The herpetic fluids were collected aseptically in distilled water, and then were serially diluted in tris buffered saline. Samples of each dilution were illuminated as were control samples held in amber tubes. All of the test herpetic fluids obtained from man were decreased in infectivity upon exposure to light, while the controls protected by amber glass retained their infectivity. Thus, the natural photosensitivity of herpes virus is not limited to laboratory-adapted strains. (Wallis & Melnick, I964) . In this present study we now have shown that herpes virus and Sindbis virus are inherently photosensitive, if removed from the influence of materials in the harvests that protect the viruses from photoinactivation. Thus, we now generalize that enveloped viruses are naturally sensitive to white light.
DISCUSSION
The photosensitivity of measles virus has been attributed to the presence of riboflavin (Cutchins & Dayhuff, I962; Nemo & Cutchins, 1966) . Upon being enveloped with host cell materials containing such photoreactive pigments, the viruses would then become photosensitive. However, the present study shows that viruses replicated in cells that were grown and maintained in media free of serum and riboflavin yielded progeny virus that retained the photosensitivity of the parent virus. Consideration was given to the possibility that freshly trypsinized primary monkey kidney cells may contain riboflavin or serum pigments derived from the intact monkey. However, when freshly trypsinized cells are seeded on glass surfaces only about 5 ~o of the original cells attach and eventually grow. The few cells from the original seed constitute only a small proportion of the fully grown monolayer, and, thus, they could not affect the results of the experiments described.
The results of this study further suggest that the envelope has an active role in the infectivity of enveloped viruses. It is well known that reagents and physical trauma that are deleterious to vital tissues also inactivate enveloped viruses, i.e. detergents, enzymes, ether, chloroform and repeated freezing and thawing. Recently, we have shown that enveloped viruses, like cultured cells, could be spared by dimethyl sulphoxide against the traumatic effects of freezing (Wallis & Melnick, I968 ) . We have now shown that only enveloped viruses are sensitive to trace amounts of exogenously added vital dyes. Thus, the envelope behaves as a functional membrane, taking up the dye and rendering the virion even more photosensitive. In addition, enveloped viruses, but none of the non-enveloped viruses, are inherently photosensitive.
Whereas these experiments show a direct correlation between possession of a functional membranous envelope and infectivity, they do not prove that the envelope is an essential requirement for infectivity. The envelope could protect an inherently infective nucleocapsid which is unstable when naked and which is rendered noninfectious under conditions that are deleterious to the membrane.
The effect of monochromatic light on the inactivation of herpes virus was also studied. The peak of inactivation was found to be at the 425 nm. wavelength, which is also the range of maximum adsorption of cytochrome C.
